Abstract. Source parameters determined from interferometric synthetic aperture radar (InSAR) measurements and from seismic data are compared from four moderate size (less than M 6) earthquakes in southern California. The purpose is to verify approximate detection capabilities of InSAR, assess differences in the results, and to test how the two results can be reconciled. First, we calculate the expected surface deformation from all earthquakes greater than magnitude 4 in areas with available InSAR data. A search for deformation from the events in the interferograms yielded 4 possible events with magnitudes less than 6. The search for deformation was based on a visual inspection as well as cross-correlation in 2-D between the measured signal and the expected signal. A grid-search algorithm was then used to estimate focal mechanism and depth from the InSAR data. The results were compared with locations and focal mechanisms from published catalogs. An independent relocation using seismic data was also performed.
(InSAR) measurements and from seismic data are compared from four moderate size (less than M 6) earthquakes in southern California. The purpose is to verify approximate detection capabilities of InSAR, assess differences in the results, and to test how the two results can be reconciled. First, we calculate the expected surface deformation from all earthquakes greater than magnitude 4 in areas with available InSAR data. A search for deformation from the events in the interferograms yielded 4 possible events with magnitudes less than 6. The search for deformation was based on a visual inspection as well as cross-correlation in 2-D between the measured signal and the expected signal. A grid-search algorithm was then used to estimate focal mechanism and depth from the InSAR data. The results were compared with locations and focal mechanisms from published catalogs. An independent relocation using seismic data was also performed.
For the three events that show clear surface deformation, the radar data was unable to improve the epicentral (latitude and longitude) location as the seismic locations fell within the expected rupture zone. However, the InSAR data provides tighter control on the depth of shallow events than seismic data. The depths determined by InSAR agree with well-constrained seismic locations determined in a 3D velocity model. A major difficulty for InSAR analysis is the poor temporal coverage of much InSAR data, which 1 may make it impossible to distinguish deformation due to different earthquakes at the same location.
Introduction. Accurate source characterization of small to moderate size earthquakes has long been a fundamental problem in seismology. Even in areas of dense seismic station coverage, significant errors often exist in parameters such as depth and focal mechanism. These problems are magnified in regions with less dense station coverage where significant errors in the epicentral location can occur as well. The errors have important implications for a wide range of studies such as stress interactions between earthquakes, fault zone structure, and seismogenic depth, all of which are required for a rational assessment of seismic hazard. Accurate and proven locations are also a crucial need in worldwide nuclear test detection efforts.
Currently, almost all methods of earthquake location for moderate size events (4 M < 6) rely on seismic wave propagation, either by using the arrival time of various phases or by modeling of the waveforms, or both. Errors in the locations are due to a combination of factors including approximations and errors in the velocity models, poor station distribution, and approximations in the algorithms themselves (e.g., Pavlis, 1992; Gomberg et al., 1990) . The use of relative location methods may improve the relative locations, but converting these to the absolute locations usually requires an initial set of known accurate locations, often based on independent or "groundtruth" locations.
The determination of focal plane parameters in turn depends strongly on accurate locations. Because traditional first-motion methods use the polarity and take-off angle of P and S waves to constrain the fault planes, errors in the location or velocity model will create bias in the focal mechanism. Focal mechanisms based on waveforms are also 2 susceptible to errors in the velocity model or to poor station distribution. While the focal mechanism of large events can be compared with surface rupture, independent direct confirmation of the focal mechanisms of small to moderate size events is usually difficult to obtain. With the recent emphasis on the importance of stress interaction between events, focal mechanisms are increasingly more critical.
An example of these issues is earthquake locations in Southern California.
Southern California is one of the most highly instrumented and well studied regions in the world. Yet a comparison of event locations for a number of recent moderate size earthquakes shows significant discrepancies in both the hypocentral depth and the source parameters among various catalogs. A particular example is the 20 July 1992 M 5.4
Pisgah event, which may have increased stress on the nucleation zone of the 1999 M 7. 3
Hector Mine event (e.g., Feltzer et al., 2002) . Whether or not the Pisgah event increased or decreased stress on the Hector Mine nucleation zone depends on the depth and focal mechanism of the Pisgah event.
Some of these discrepancies in earthquake catalogs likely reflect intrinsic differences in the algorithms. For example, first-motion focal mechanisms presumably reflect the orientation of the initial rupture (at wavelengths typical of body waves) while algorithms based on surface wave modeling presumably reflect the average orientation of the entire rupture. For moderate-size events where the rupture dimensions are less than a few kilometers, the two methods should produce similar solutions. However, if it were possible to precisely locate the site of the initial rupture relative to the entire fault plane then important information on earthquake nucleation and rupture geometry could be 3 provided. Currently, this is possible only for large events but extending the capability to smaller events would greatly increase the available data.
The development of Interferometric Synthetic Aperture Radar (InSAR) has provided an alternate and independent method of locating and characterizing moderate size shallow earthquakes (Massonnet et al., 1993; Feigl et al., 1995; Feigl, 2002) . While extensive studies using InSAR data have been performed on larger earthquakes (magnitude 6 and greater; e.g., Massonnet et al., 1993; Zebker et al., 1994) , InSAR can also provide an independent, non-seismic means of determining the location and source parameters for moderate size events. This was first done by Feigl et al. (1995) who generated a focal mechanism of the relatively small 1992 Fawnskin event (a magnitude 5.1 Landers aftershock) with interferometric data alone. A number of events with magnitudes less than 6.0 have been observed with InSAR (e.g. Feigl, 2002) . Modeling using an elastic half space and radar parameters based on the ERS satellites indicates that events as small as magnitude 4.8 may be observable, depending on the depth, focal mechanism, and crustal parameters ( Figure 1 ; Table 1 ). In unusual cases smaller events may be observable (Brune and Allen (1967) report 1.5 cm of surface rupture from a M l 3.6 event). A layered crust with softer superficial layers will show increased deformation relative to a half-space model (Cattin et al., 1999) .
InSAR provides several potential advantages over seismic data. First, the absolute location of the deformation from InSAR images is known within meters. Second, because measurements are available directly above the rupture, and the amount of deformation scales by 1/r 3, where r is the surface to rupture distance, the potential depth resolution for shallow earthquakes is very good. Finally, InSAR models are relatively independent of 4 the seismic velocity model. In comparison, both first-motion and waveform methods of location and focal mechanism determination are highly dependent on the velocity model, especially for smaller events and in areas of poor station coverage.
InSAR relies on measuring the phase difference between two (or more) images from satellite radar to construct an image of the surface deformation between satellite passes (e.g. Feigl, 2002 , Hanssen, 2001 Bürgmann et al., 2000; Massonnet et al, 1998) .
For the ERS satellites the line-of-sight is at an average (scene center) angle of 23°.
Consequently, the measurement is most sensitive to vertical motion. The use of both descending (azimuth of 103º) and ascending (-103º) data, in which the sensor points different directions improves vector resolution (e.g., Sandwell et al., 2002) .
Limitations exist with InSAR data, including decorrelation, topography, atmospheric propagation, and data availability constraints. Decorrelation refers to loss of phase stability between pixels and generally increases with time, although the rate of temporal decorrelation varies greatly from region to region (Zebker and Villasenor, 1992) . Although most topographic effects can be removed with a digital elevation model, severe topography creates distortion and shadows. Perhaps the most serious difficulty, at least for imaging small earthquakes, is phase changes due to variations in atmospheric water content, either laterally or vertically in combination with topography (Hanssen, 2001) , which can produce signals very similar to those produced by small earthquakes and can easily distort observed signals (Rigo and Massonet, 1999) . As atmospheric signals are assumed random, multiple independent data pairs are useful to conclusively identify signals. Groundwater changes can also cause surface elevation changes (Bawden et al., 2001; Galloway et al., 1998) .
In this paper we compare hypocentral parameters derived from seismology with
InSAR data for selected events in Southern California. First, we attempt to assess the actual detection capability of InSAR. Second, we compare InSAR and seismic parameters for several events. Finally, we discuss reasons for the observed discrepancies as well as ways to combine the two datasets. We use data from the Mojave Desert in California. The Mojave Desert is well suited for InSAR because decorrelation rates are low and it is an area of moderate relief with several available high-quality digital elevation models. The region also has good coverage with seismic stations and a variety of seismic catalogs are available.
Method. C band (5.66 cm wavelength) data from the European Remote Sensing (ERS) 1 and ERS-2 satellites are used for the InSAR analysis. SAR processing was performed using the Repeat Orbit Interferometry Package (ROIPAC) (e.g., Buckley, 2000) . Precise orbits (Scharoo and Visser, 1998) were used along with topographic corrections from a digital elevation model (DEM, 30 meter posting from the Shuttle Radar Topography Mission, available at ftp://edcsgs9.cr.usgs.gov/pub/data/srtm/).
Event selection. The first step is to identify a set of moderate size earthquakes that could have created enough deformation to be observable with InSAR. We exclude the large events with magnitudes greater then M w 6, as these events in general have been thoroughly studied (e.g. Massonet et al., 1993; Zebker et al., 1994; Massonet et al. 1996; Sandwell et al., 2002) . Using the location and first-motion focal mechanism catalog of Hauksson (2000) , the expected surface deformation was modeled for all M L > 4.0 events using an elastic half space (Okada, 1995; Feigl and Dupre, 1999) .
We also calculated the expected deformation based on focal mechanisms and depths derived from a waveform-modeling catalog (Zhu and Helmberger, 1996) for redundancy.
Dimensions of the fault ruptures were inferred from the moment, either as listed or derived from magnitude using standard moment magnitude relations for moderate size earthquakes (Bakun, 1984) . The ruptures were assumed to be square and slip was scaled to the length by 1.2x10 -6 , corresponding roughly to a stress drop of 10 Mpa for an equivalent circular fault (Eshelby, 1957) . Identical scaling was used for all events (Abercrombie, 1995) . The shear modulus was assumed to be 32 Gpa, consistent with a crust with a P wave velocity of 6 km/s. The focal depth was set at the center of the fault.
Events with catalog depths shallower than 3 km were assigned a depth of 3 km to avoid intersection of the fault plane with the surface.
Satellite geometry corresponded to the descending orbit of an ERS satellite. An event was considered detectable if the line-of-sight range motion varied more than 10 mm. These thresholds (magnitude 4.0 and 10 mm of vertical motion) are deliberately low to ensure that all possible events are included, even for poorly constrained events, which might be shallower or larger than expected. The results indicated that 32 events from Jan 1, 1992 to Jan 1, 2001 were above or near the theoretical detection limits.
The next step was to determine how many of the events were actually detectable.
The list (excluding large previously studied events) was compared with available InSAR data. A subset of InSAR scenes ( Table 2 ) that covered many of the events was selected (Figure 2 ). This subset was selected on the basis of expected high correlation, moderate topographic sensitivity, and availability of both ascending and descending data.
Next, areas with low correlation and all events very near the time and location of a large rupture were eliminated, as it would be difficult to distinguish deformation due to the aftershock from that of the main shock or post-seismic slip. The time resolution depends on the availability of InSAR data. For example, the first satellite pass was 4 days after the Hector Mine event. Therefore, any aftershock deformation during the first 4 days near the rupture zone is indistinguishable from the main shock deformation. This reduced the list from 32 to 4 events.
Source parameters from InSAR. Source parameters were estimated using a grid search algorithm. Other inversion methods may risk finding only local minima, as was noted in Feigl et al. (1995) . The primary goal of the modeling was to assess the range of reasonable solutions for comparison with the seismic results.
Initially, a coarse search was conducted over all strikes (20º increment), dips (10º increment), and rakes (20º increment) at 4 different depths (2.5, 5.0, 7.5, and 10.0 km) and three different moment magnitudes (M w 5.0, 5.3, and 5.4). The sparse sampling over depth and magnitude is possible because the deformation scales directly with magnitude and inversely with depth for a specific focal mechanism. The modeled surface deformation (converted to range change with an appropriate look vector for either descending or ascending orbits) was compared with the observed InSAR deformation.
The location of each model with respect to the data was shifted systematically in both the x and y directions to find the best possible fit (measured by rms misfit). This provided an estimate on how well the InSAR data constrained the strike, rake, dip, moment, and depth. Errors were estimated by the range for each parameter in the best solutions as defined by rms between the observed and modeled range change.
8
The surface deformation was modeled using two algorithms. One algorithm assumed a rectangular fault in an elastic half space (Okada, 1985) and the other used a reflectivity method to model the effect of a point source in a layered media (Zhu and Rivera, 2002) and included the static offset.
A series of tests were conducted to assess the potential errors of the InSAR modeling. Representative deformation models (a strike-slip event and a thrust event)
using a moderate size (M 5.2) earthquake at a depth of 5 km were constructed using both methods (a layered media and a half-space). These known models were then inverted using the grid search algorithm for both half-space and layered media. While in all combinations the original focal mechanism was the best fit, several trends were noticed.
First, the top 25 th percentile solutions (as defined by the total error) were at the correct depth or deeper, i.e. shifting the depth by 2.5 km towards the surface creates a much larger misfit than shifting it 2.5 km too deep. Similarly, the best fitting moment estimates were either correct or too small.
Seismic catalogs. Several seismic catalogs of both locations and focal mechanisms are available. We also recalculated locations using the original seismic data to gain a better idea of the sources of the error. We used the two location catalogs of
Hauksson (2000) and Richards-Dinger and Shearer (2000), which use algorithms based on arrival times. Hauksson (2000) uses a 3D velocity model and generates absolute
locations. An improved version of this catalog (E. Hauksson, personal communication, 2003) was downloaded in August 2003. Focal mechanisms are also generated using firstmotion polarities and the FPFIT algorithm (Reasonberg and Oppenheimer, 1985) . The catalog of Richards-Dinger and Shearer (2000) uses a source-specific station term and is intended to improve relative location accuracy. Finally, we include the focal mechanism catalog of Zhu and Helmberger (1996) , which is based on waveform modeling of both the surface and body waves to determine the moment, focal mechanism, and depth.
Systematic differences exist between catalogs. The Pisgah earthquake, which may have played a role in the initiation of the Hector Mine event, is located at shallow depths by body-wave solutions but at greater depths for the waveform solution. We use the earthquake location code of Roecker (personal communication, 1996) .
The crust is parameterized as constant velocity blocks, typically 10 km on a side and 4 to 7 km thick. The block velocities are defined from the SCEC Community Velocity Model (Magistrale et al., 2000) . In trial runs we tested the final hypocenter sensitivity to the weighing of data by station-hypocenter distance, and to the initial depths. Since the InSAR results are very sensitive to earthquake depth, we check the relocation depths by calculating the rms errors of the travel time residuals at one km depth intervals from 1 to 10 km to ensure the results reflect global rather than local minima.
First motion focal mechanisms were determined by the program FPFIT (Reasenberg and Oppenheimer, 1985) for all the events. All the events (except the 01:57
Hector Mine aftershock) had more than 78 first motion observations. We calculated the focal mechanisms at each depth; focal mechanism sensitivity to depth varies from weak to strong. Calico event were also selected for further study (Table 3 ). The Calico event was predicted to show fringes based on the initial modeling but a clear signal is not visible.
Results
Both ascending and descending data are available for the Hector Mine aftershocks and the Calico events while only descending data is available for the Fawnskin and Pisgah events. As a confirmation of the visual inspection, the modeled surface deformation was cross-correlated (2D) with the observed (unwrapped) InSAR data. For the Hector Mine events, the peak cross-correlation occurred at the same spatial point for both descending and ascending data, consistent with event detection. The location of the peak crosscorrelations for descending and ascending data differed for the Calico event, which is assumed to indicate poor confidence level. The seismic catalogs show a significant discrepancy for this event. Both first arrival catalogs place it at a shallow depth while the waveform solutions put it at depths of 8-10 km. Our relocation indicates that the depth is poorly constrained (i.e. a broad shallow minima) but appears to be greater than 4 km. For focal mechanism, the catalog of
Hauksson (2000) shows two possible solutions, a thrust and a strike slip mechanism while the waveform model indicates a thrust-type mechanism which matched our firstmotion result. The InSAR data suggest a depth greater then 5 km but do not provide a firm constraint on the focal mechanism. If we assume a thrust type mechanism the predicted surface deformation ranges from approximately 125 mm based on the extremely shallow hypocenter of Hauksson (2000) to 25 mm based on the depth of 9.6 km from Zhu and Helmberger (1996) .
A caveat remains that given the poor quality of the data and lack of independent verification, it is possible that the observed signature is an atmospheric artifact and that correspondence with the model is coincidence. However, because a shallow event would
create a large signal a very shallow hypocenter is unlikely (unless the atmospheric effects exactly cancel the seismic deformation or the estimated magnitude is grossly incorrect).
Fawnskin. The Big Bear "Fawnskin" aftershock of 12/4/92 was previously studied by Feigl et al., (1995) using InSAR and by Jones and Hough (1995) using seismic data. The InSAR signal lies at the very edge of a decorrelated zone (Figure 4) . Crosscorrelation with the expected deformation showed a definite peak near the location of the event. Unfortunately, only descending data is available for this event. Previous results by Feigl et al. (1995) based on InSAR data indicated a larger moment release and a shallower dipping fault plane than indicated by seismic data, although it was noted that the modeling likely included deformation from several events. It should be noted that an M L 5.3 event occurred on 11/27/92 and several km to the south. Because this event lies almost entirely under the decorrelated area it is not included in the modeling. It is possible that some of the observed deformation is due to this event.
Comparison with the seismic data shows that the epicenters lie within the range of possible locations, i.e., if the modeled deformation were shifted to match the observed deformation the catalog locations lie within the ruptured fault. Somewhat surprisingly, reasonable fits were found with near vertical strike-slip faults as well as low (thrust) angles. The near vertical solutions appeared to be controlled primarily by the edge of the decorrelation, as these solutions predict a subsidence within the decorrelated zone. The other maxima correspond with the thrust mechanism predicted by the seismic data and the depth is constrained within the 2-4 km range by InSAR, similar to the depths in the seismic catalogs. The InSAR derived moment is significantly larger than the moment determined by Zhu and Helmberger (1996) . As noted by Feigl et al., (1995) , this InSAR estimate is the sum of several events and should be considered a composite mechanism.
Calico. The 3/18/97 Calico event is listed as shallow with a hypocenter of 1.3 km in the Hauksson (2000) catalog. While some variation is observed in the InSAR data cross correlation yields two different peaks for the descending and ascending data, which is inconsistent with an earthquake but could be caused by atmospheric effects. The lack of signal (assuming that the location is not grossly incorrect) combined with simple modeling indicates that the catalog depth of 1.3 km is almost certainly too shallow (or the moment is too large). This is in agreement with the depths determined by waveform modeling, which indicates a depth of 6 km.
Hector Mine aftershocks. On October 21 and 22, 1999, a few days after the M w 7.1 Hector Mine event, a cluster of aftershocks north of the surface rupture. These events correspond to a patch of deformation observed on post-seismic interferograms ( Figure 5 ).
The catalog of Hauksson (2000) shows three events near magnitude 5.0, two of which are separated by only three minutes. Focal mechanisms are only available for two of the events. Our relocation indicates a well-constrained minima for the largest event which lies at a depth of 6 km.
Both descending and ascending InSAR data are available. The descending pair spans a period after the main shock and demonstrates that the deformation occurred after the main shock. The ascending data includes the main shock and consequently shows significant deformation. By windowing the area and removing a planar trend we remove much of the overlying deformation and reveal details more clearly. Cross-correlation with the expected deformation on both ascending and descending pairs shows a peak on both images near the same point, indicating a likely detection.
The grid search on the descending data yields several possible matches, all of which indicated a largely strike-slip mechanism. None of the solutions matched the observed data well. We then combined the grid search results from both the descending and ascending data, which suggested a steeply-dipping strike-slip mechanism. A shallow (5.0 km or less) depth was required to match the amplitude of the deformation near the epicenter(s) but the relatively poor fit of all models lead to a fairly large range of possible depths. However, although the point source modeling produces a similar pattern of deformation the exact shape of the observed deformation is more elongated in the eastwest direction. We suspect that the multiple events create a complex deformation pattern that cannot be matched by slip on a single plane with a common mechanism. Note that as in the Fawnskin events, the InSAR "solution" is a composite solution including deformation from all three events and modeling with a single mechanism is an approximation.
Therefore, as before, we concentrate on determining bounds on the depth and moment using a fixed focal mechanism. The depth is constrained between 3 and 5 km, comparable to realistic error estimates on the hypocenters as determined with seismic data. Tests with a layered model that include lower velocity upper layers yield a slightly deeper depth and larger moment.
Conclusions.
Although calculations based on seismic catalogs suggested that at least 20-30 moderate size events should be detectable, only 3 events were clearly observed. Many of the potential events were unobservable due to poor data coverage and 15 interference from large earthquakes. Positive identification of seismic events was also made more difficult due to lack of sufficient independent InSAR data to conclusively rule out atmospheric effects.
The minimum detection level for InSAR using ERS-1 and ERS-2 data appears to be at least magnitude 5 and consistent with the theoretical estimates. In some cases, shallow (< 5 km) dip-slip events less than Mw 5 may be observable, especially in areas with lower velocity shallow layers. For the two well-imaged events, epicentral location as determined by seismic data falls within the possible rupture area as constrained by
InSAR. This suggests that InSAR cannot improve estimates of the epicenters (i.e. latitude and longitude) in Southern California although it is useful in constraining the hypocenter depth estimates. The technique may be especially useful in areas with sparser seismometer networks.
InSAR does provide constraints on depth for shallow events, although trade-offs exist between mechanism, moment, location, and depth. Despite the tradeoffs, the InSAR depth estimate often represents an improvement over the seismic estimates for moderate size events.
The correspondence between our relocations and the InSAR derived hypocentral depths and focal mechanisms means that InSAR can provide reliable source parameters of shallow, moderate earthquakes in areas that lack seismic networks. For the limited sample in this study, the InSAR results are consistent with depth estimates provided by waveform modeling and with locations based on arrival times and 3D velocity models.
Depths in catalogs based solely on arrival times and 1D velocity models do match the InSAR results well.
A difficulty with InSAR is the existence of multiple earthquakes in the same or nearby location. This adds considerable uncertainty in the estimation of both the moment and the focal mechanism in cases where the earthquakes possess similar moment release.
To adequately constrain these events, it will be necessary to conduct more sophisticated modeling that includes the seismic data and InSAR data.
Overall, the InSAR data demonstrates the potential to complement the seismic data and may provide data for additional insights of moderate size events. Currently, the primary problem is data availability; if images were collected routinely on a monthly basis for both descending and ascending orbits more seismic events would be available. Figure 1 . Events are intended to constrain theoretical limits rather than to provide a comprehensive list. The cited depth and magnitude is based on seismic estimates except for event 3, which is based on InSAR. Events 5 and 11, which are considerably larger than then others, were chosen due to their depth. Table 2 . List of radar data and pairs used in this study. D refers to descending orbit and A to ascending orbit. "Days" refers to the time spanned by the pair. Zhu and Helmberger (1996) , F is Feigl et al, (1995) using InSAR data.
M3D refers to 3D locations from this study and MMsar is parameters constrained from INSAR data, this study. descending orbit and a rectangular rupture in an elastic half-space (e.g. Okada, 1985) .
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Fault slip is proportional to fault size with the hypocenter at the center. The short dashed lines indicate detection limits for a layered model appropriate for Southern California using a point source representation. Earthquake lying below the curves are likely to produce sufficient deformation to be detectable using InSAR. The focal mechanisms and numbers refer to the events listed in Table 1 . 
